Introduction
============

A wearable-type robot hybrid assistive limb (HAL) has been developed to provide physical support for patients in their daily activities and for heavy work. The HAL is a robot suit that can assist voluntary control of knee and hip joint motion by detecting very subtle bioelectric signals from muscles.^[@B1]^ This walking-aid system enables the user to perform movements smoothly such as standing up, sitting down, and going up and down stairs.^[@B2]^ HAL technologies have also advanced to provide assistance for rehabilitation in various diseases. For example, HAL was recently reported to be beneficial in patients with chronic phase stroke or spinal cord injury.^[@B3]--[@B5]^

We previously reported the tolerability and safety of HAL for patients with acute stroke.^[@B6]^ However, the efficacy of HAL rehabilitation for patients with stroke in the acute phase remains unclear. Thus, in the present study we compared the outcomes of patients with acute intracranial hemorrhage (ICH) who were treated with and without HAL rehabilitation.

Materials and Methods
=====================

We registered a total of 270 patients with acute ICH in the neurosurgical department of Fukuoka University Hospital from January 2009 to February 2014 ([Fig. 1](#F1){ref-type="fig"}). Of these, we included patients with supratentorial ICH who moved to Nagao Hospital, Fukuoka Rehabilitation Hospital, or Hakujuji Hospital for further rehabilitation, all of which are neighboring hospitals that specialize in rehabilitation. One patient was excluded from this study as he had an ischemic stroke shortly after he was moved. HAL rehabilitation was started for patients at approximately 1 week after the occurrence of ICH. The HAL rehabilitation protocol was the same as we previously reported.^[@B6]^ In brief, patients were included if they satisfied the following criteria: hemorrhagic stroke with either hemiplegia or ataxia, Glasgow Coma Scale (GCS) over 9, and systolic blood pressure of 100--160 mmHg. This study was approved by the ethics committees of Fukuoka University Hospital, Nagao Hospital, Fukuoka Rehabilitation Hospital, and Hakujuji Hospital. Written informed consent was obtained from all patients.

The HAL robot suit is an exoskeleton with a frame and robotic actuators that attach to the patient\'s legs. Joint movement is supported by electric motors. To support voluntary movement of the patients, HAL detects minimal bioelectrical signals that emerge from extensor and flexor muscles of the hip and knee via electromyography electrodes. The voluntary robotic system was used in the present study, which was enabled by a cable connection between the exoskeleton and the patient. On the first day of HAL rehabilitation, every patient wore a double-leg model HAL, while the choice of a single or double model HAL on the second day and thereafter was dependent on each patient. Vital signs were carefully monitored to prevent adverse accidents such as fall or orthostatic hypotension. During HAL rehabilitation, telescopic motion of the lower legs, standing and sitting, and walking were performed, although the exact type and amount of training varied from patient to patient. Six patients were excluded from this study as they received HAL rehabilitation only once.

After the patients moved to any of the three hospitals, they continued rehabilitation. We attempted to obtain patient information from the three hospitals regarding the date and condition at discharge. Data on activities of daily living collected included the Brunnstrom stage of hand, arm, and leg, the Barthel index (BI), and the functional independence measure (FIM).

Descriptive analyses of demographic and characteristics data were performed using frequency distribution for categorical data and median for continuous variables. Differences between patients with HAL rehabilitation in their acute phase (HAL group) and those without (N-HAL group) were assessed by the Mann--Whitney *U* test (for continuous variables), while Fisher\'s exact test was used for the categorical variables. For outcome analyses, all patients were divided into two groups depending on whether their FIM was ≥ 110, while the threshold of BI was 85. For sub-analyses, patients were categorized into ICH in the right or left hemisphere. One patient was excluded from the sub-analyses as he had ICH in both cerebral hemispheres. P values \< 0.05 were considered statistically significant. Data were analyzed using SPSS for Windows version 22.0 (SPSS; IBM Co., Armonk, New York, USA).

Results
=======

Of the 91 patients included in our study, 14 patients received HAL rehabilitation, while 77 patients did not ([Fig. 1](#F1){ref-type="fig"}). As patients at Fukuoka Rehabilitation Hospital and Hakujuji Hospital could perform or continue HAL rehabilitation, 11 out of the 14 patients with HAL rehabilitation in our hospital continued HAL at the hospital to which they were transferred ([Table 1](#T1){ref-type="table"}). All the patients who did not receive HAL rehabilitation in our hospital did not receive HAL in the chronic recovery phase.

When patients were grouped into HAL and N-HAL groups, there was a trend for more severe National Institutes of Health Stroke Scale (NIHSS) score at admission in the HAL group compared with patients in the N-HAL group ([Table 2](#T2){ref-type="table"}). Similarly, the total hospital stay tended to be longer in the HAL group. The outcome scales were not different between the two groups.

For the sub analysis in which patients were separated according to the side of ICH, the rate of FIM ≥ 110 was significantly higher in the HAL group than the N-HAL group in patients with right ICH ([Table 3](#T3){ref-type="table"}, P = 0.04 ). There were no differences in the total length of hospital stay, although the length of stay at our hospital was significantly longer in the right ICH HAL group. By contrast, there were no differences in outcomes for HAL treatment in patients with left ICH.

I.. Case 1: right side ICH
--------------------------

A 54-year-old man who was transferred to our emergency ward was diagnosed to have right mixed type of hemorrhage of 73 mL. Initially, he suffered from consciousness disturbance, conjugate deviation, unilateral spatial neglect, and left hemiparesis, and his NIHSS score at admission was 17. Because neurological deterioration was not seen after endoscopic hematoma evacuation and control of blood pressure, HAL rehabilitation was initiated on day 10. Totally, he conducted HAL rehabilitation 5 times in our hospital. After moving to a convalescence stage at hospital, he continued with HAL rehabilitation on top of standard rehabilitation, and his HAL rehabilitation reached 9 times. His neurological symptoms were improved and he left hospital on day 101. At discharge, his FIM score was 116.

II.. Case 2: left side ICH
--------------------------

A 64-year-old man who had consciousness disturbance, aphasia, dysarthria, and right hemiparesis was hospitalized in our emergency ward. Left thalamic hemorrhage (total amount: 20 mL) with ventricular hemorrhage was diagnosed. His NIHSS score at admission was 15. After endoscopic hematoma evacuation and ventricular drainage, HAL rehabilitation was started on day 7. Although he conducted HAL rehabilitation 4 times in our hospital, he was unable to do it sufficiently because of his weariness. After moving to a convalescence stage at hospital, he stopped HAL rehabilitation. Finally, he left hospital on day 231. At discharge, his FIM score was 72.

Discussion
==========

The aim of the present study was to determine the effect of HAL rehabilitation in the acute phase of ICH on patient outcomes. Our key finding was that HAL rehabilitation could improve functional recovery in patients with right hemisphere ICH compared with those with left hemisphere ICH.

There is an increasing evidence that early onset, intensive, repetitive, task-specific training may accelerate functional restitution after stroke and improve final motor outcomes,^[@B7]^ although most motor rehabilitation trials have been performed in the chronic stage post stroke.^[@B8]^ Although HAL rehabilitation is effective in sub-acute stroke patients when rehabilitation was delayed until 7 weeks after stroke onset,^[@B4]^ the efficacy in patients with acute stroke is unknown. Therefore, we evaluated the efficacy of HAL rehabilitation started in the acute phase on function in patients with ICH.

The main finding of the present study was that acute-phase HAL treatment was beneficial in patients with right hemisphere ICH. Although the causes of the better effect in the right side ICH are unknown, there were more patients with right ICH who received HAL rehabilitation in our study. Patients with left hemisphere ICH may also have more difficulties performing HAL rehabilitation, likely because of language dysfunction. Aphasic patients are often unable to understand their therapist\'s instructions on performing manual tasks of neurorehabilitation treatments for both paretic and aphasic symptoms.^[@B9]^ In these cases, encouraging the treatment of aphasia is needed in order to improve communication, for example by means of gesture training. Indeed, in our experience, language dysfunction due to left hemisphere damage can often affect patient\'s comprehension of the HAL rehabilitation instructions, even by using gesture. Thus, it would be difficult for patients with aphasia to receive a complete beneficial effect of HAL rehabilitation. Some idea would be necessary to perform HAL rehabilitation effectively in patients who had both hemiparesis and aphasia.

On the other hand, it remains unclear whether HAL rehabilitation may positively affect the outcomes of ischemic stroke patients. It was reported that ICH led to better functional outcome after stroke severity, basal disability, age, and sex; and onset admission intervals were matched between ICH and cerebral infarct.^[@B10]^ They said that the difference in outcome was caused by the mechanism of neurological deficits, wherein ICHs were partly caused by brain compression while the death of brain cells was the reason in cerebral infarct.^[@B10]^ Since the ways of recovering neurological deficits are different between ICH and ischemic stroke,^[@B11]^ the effect of HAL rehabilitation might be different between them, further studies are required.

We propose four possible effects of HAL rehabilitation on the acute phase of stroke, as follows: (1) reducing the burden of assistance from physical therapists, (2) promoting patients to apply their weight load onto the paralyzed leg by providing a sense of ease when assisted by HAL, (3) showing patients their gravity position with the gravity sensor, and (4) measuring the strength of the bioelectric signals in the muscles. Visualizing the position of gravity and semi-quantifying the bioelectric signals are important functions not provided by conventional rehabilitation, which likely contribute to the efficacy of HAL rehabilitation in patients with acute stroke.

There are several limitations of this study. First, this was a retrospective design. Second, the number of patients who performed HAL rehabilitation was small. Thus, a system that allows patients with acute stroke to perform HAL rehabilitation should be established. Third, many patients were excluded as they moved to different hospitals from those used in our study. Furthermore, some patients continued HAL rehabilitation after moving to subsequent hospitals. As beneficial effects of HAL rehabilitation in the subacute or chronic phase have been reported,^[@B4],[@B5]^ it is unknown whether the improvement in outcomes in the present study originated from acute or chronic HAL rehabilitation. Randomized controlled trials are required to confirm the effect of HAL in acute stroke patients.

In conclusion, in this retrospective study we found no evidence that HAL rehabilitation was effective in patients with acute hemorrhagic stroke. However, in patients with right ICH, HAL rehabilitation was significantly associated with good outcome evaluated by FIM score, suggesting that HAL rehabilitation may improve function in selected patients with acute ICH.
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###### 

Summary of patients who performed hybrid assistive limb rehabilitation in our hospital

  Age (years)   Sex   Character of ICH   Side   Amount of hemorrhage (mL)   Operation   Number of HAL treatments   The hospital where they moved   Continuation of HAL rehabilitation in the next hospital   Total hospital stay (days)
  ------------- ----- ------------------ ------ --------------------------- ----------- -------------------------- ------------------------------- --------------------------------------------------------- ----------------------------
  57            F     Thalamus           R      19.98                       N           3                          NH                              NC                                                        48
  64            M     Thalamus           L      19.76                       Y           4                          NH                              NC                                                        231
  49            F     Lobar              R      22.59                       Y           3                          HH                              C                                                         209
  70            M     Ventricular        R      4.58                        Y           3                          HH                              C                                                         207
  69            F     Putamen            L      47.74                       Y           6                          HH                              C                                                         231
  63            F     Thalamus           R      1.46                        N           6                          HH                              C                                                         165
  69            F     Putamen            R      9.49                        N           6                          FH                              C                                                         138
  56            F     Lobar              R      21.0                        Y           6                          FH                              C                                                         220
  77            M     Putamen            L      19.7                        Y           3                          FH                              NC                                                        215
  66            F     Thalamus           R      7.78                        N           4                          FH                              C                                                         71
  69            F     Putamen            R      74.4                        Y           3                          FH                              C                                                         217
  69            F     Putamen            R      35.28                       N           3                          FH                              C                                                         73
  64            M     Thalamus           R      4.45                        N           3                          FH                              C                                                         108
  54            M     Mixed              R      72.58                       Y           5                          FH                              C                                                         101

C: continued, F: female, FH: Fukuoka Rehabilitation Hospital, HAL: hybrid assistive limb, HH: Hakujuji Hospital, ICH: intracerebral hemorrhage, M: male, N: no, NC: not continued, NH: Nagao Hospital, Y: yes.

###### 

Comparison of features and outcomes between hybrid assistive limb (HAL) and N-HAL groups

                                                       HAL group (N = 14)    N-HAL group (N = 77)   P value
  ---------------------------------------------------- --------------------- ---------------------- ---------
  Age                                                  65 (57--69)           64 (57--75)            0.865
  Sex (male)                                           5 (35.7%)             43 (55.8%)             0.245
  NIHSS                                                15 (9--30)            11 (4--20)             0.098
  GCS                                                  14 (11--15)           14 (9--15)             0.829
  Amount of hematoma (mL)                              19.87 (6.98--38.39)   15.64 (5.84--33.74)    0.708
  Site of hematoma                                                                                  0.731
    subcortical                                        2 (14.2%)             23 (29.9%)             
    putamen                                            4 (28.6%)             21 (27.2%)             
    thalamus                                           5 (35.7%)             18 (23.3%)             
    mixed                                              2 (14.2%)             9 (11.7%)              
    other                                              1 (7.1%)              6 (7.8%)               
  Presence of ventricular hematoma                     4 (28.6%)             24 (31.2%)             1
    side of hematoma                                                                                0.272
    right                                              11 (78.6%)            41 (53.2%)             
    left                                               3 (21.4%)             35 (45.5%)             
    both                                               0 (0%)                1 (1.3%)               
    operation                                          8 (57.1%)             43 (55.8%)             1
  Hospital stay of ours (days)                         21 (17--30)           13 (9--19)             0.001
    BI ≥ 85                                            7 (50%)               40 (51.9%)             1
    FIM ≥ 110                                          9 (64.3%)             31 (40.3%)             0.143
  Br. stage of upper extremities                       5 (3--6)              4 (2--6)               0.778
  Br. stage of hand function                           5 (3--6)              4 (2--6)               0.827
  Br. stage of lower extremities                       5 (3--6)              5 (3--6)               0.971
  Home discharge from a neighboring hospital           11 (78.6%)            44 (57.1%)             0.152
  Hospital stay of a neighboring hospital (days)       163 (66--196)         110 (50--164)          0.164
  Total hospital stay from ours to a neighboring one   186 (94--218)         123 (62--182)          0.081

BI: Barthel index, Br: Brunnstrom, FIM: functional independence measure, GCS: Glasgow Coma Scale, HAL: hybrid assistive limb, NIHSS: National Institutes of Health Stroke Scale.

###### 

Comparison of features and outcomes of patients with right intracranial hemorrhage between hybrid assistive limb (HAL) and N-HAL groups

                                                       HAL group (N = 11)    N-HAL group (N = 41)   P value
  ---------------------------------------------------- --------------------- ---------------------- ---------
  Age                                                  64 (56--69)           64 (56--77)            0.56
  Sex (male)                                           3 (27.3%)             22 (53.7%)             0.177
  NIHSS                                                14 (8--28)            11 (5--16)             0.269
  GCS                                                  14 (12--15)           14 (10--15)            0.549
  Amount of hematoma (mL)                              19.98 (4.58--35.28)   15.64 (6.18--33.5)     0.902
  Site of hematoma                                                                                  0.932
    subcortical                                        2 (18.2%)             13 (31.7%)             
    putamen                                            3 (27.3%)             9 (22.0%)              
    thalamus                                           4 (36.4%)             12 (29.3%)             
    mixed                                              1 (9.1%)              3 (7.3%)               
    other                                              1 (9.1%)              4 (9.8%)               
  Presence of ventricular hematoma                     2 (18.2%)             15 (36.6%)             0.304
  Operation                                            5 (45.5%)             24 (58.5%)             0.507
  Hospital stay of ours (days)                         22 (16--30)           13 (9--18)             0.003
    BI ≥ 85                                            7 (63.6%)             20 (48.8%)             0.503
    FIM ≥ 110                                          9 (81.8%)             18 (43.9%)             0.04
  Br. stage of upper extremities                       6 (4--6)              4 (2--6)               0.165
  Br. stage of hand function                           5 (4--6)              4 (2--6)               0.2
  Br. stage of lower extremities                       6 (4--6)              4 (3--6)               0.221
  Home discharge from a neighboring hospital           9 (81.8%)             25 (61.0%)             0.291
  Hospital stay of a neighboring hospital              119 (58--179)         113 (61--180)          0.937
  Total hospital stay from ours to a neighboring one   138 (73--209)         132 (73--197)          0.762

BI: Barthel index, Br: Brunnstrom, FIM: functional independence measure, GCS: Glasgow Coma Scale, HAL: hybrid assistive limb, NIHSS: National Institutes of Health Stroke Scale.
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